study question: Do gene polymorphisms of two members of the human innate immune sensor nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing proteins (NLRP) family, NLRP2 and NLRP7, confer susceptibility to idiopathic recurrent miscarriage (RM)?
Introduction
Recurrent miscarriage (RM) is the occurrence of repeated pregnancies that end in miscarriage, usually before 20 weeks of gestation. RM affects 1-5% of women who conceive (Baek et al., 2007) . Various factors have been identified that influence miscarriage, including uterine anomaly, chromosomal abnormalities, endocrine dysfunction, thrombophilia, immune disorders, lifestyle factors and maternal infections (Regan et al., 1989) . However, the causes of RM remain undetermined in up to 50% of women who experience RM (Li et al., 2002) . Investigating the frequency of genetic variations between affected women and healthy controls is a way to reveal the underlying mechanisms of RM. Previous studies have shown that polymorphisms of genes, such as immunological-related genes, thrombophilia-related genes (Christiansen et al., 2008; The ESHRE Capri Workshop Group, 2008) , cytokine genes (Choi and Kwak-Kim, 2008) , sex hormone receptor genes (Su et al., 2011a) and angiogenesis-related genes (Su et al., 2011b) may confer susceptibility to RM. Although the associations of 100 genes have been investigated, results of many studies are either negative or non-replicable (Rull et al., 2012) .
Recently, a nucleotide-binding domain and leucine-rich repeat (LRR)-containing protein (NLRs) family has been found to serve as intracellular sensors of innate immunity to regulate inflammation and cell apoptosis (Ting et al., 2008) . They are multidomain proteins consisting of a C-terminal LRR domain, which is responsible for pathogenassociated molecular pattern recognition, a central NACHT [neuronal apoptosis inhibitor protein (NAIP), the major histocompatibility complex (MHC) transactivator (CIITA), HET-E and TP1] domain, which is essential for multimerization of NLRs, and an N-terminal effector domain, which links the NLRs to distinct downstream signaling pathways (Pinheiro et al., 2010) . The largest subfamily of NLRs is nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain containing proteins (NLRP), which use a pyrin domain as their N-terminal effector domain, comprising 14 members mainly located in two clusters on human chromosome 11p15 (NLRP6, 10 and 14) and 19q13.4 (NLRP2, 4, 5, 7, 8, 9, 11, 12 and 13) (Tschopp et al., 2003) . The NLRP family members are widely expressed in various tissues. Some family members are expressed in human gametes and preimplantation embryos at different developmental stages. The expression levels of NLRP4, 5, 8, 9, 11, 12, 13 and 14 are high in oocytes and then decrease progressively to a very low level in Day 5 embryos, but the expression levels of NLRP2 and NLRP7 show a different expression pattern-decreasing to the lowest level by Day 3, but increasing again by Day 5 in preimplantation embryos (Zhang et al., 2008) .
In the mouse, some NLRP family members have been demonstrated to regulate embryo development. For instance, NLRP5-null mice are infertile due to the stop of embryogenesis at the two-cell stage (Tong et al., 2000) , NLRP14 knock-down mouse zygotes stop developing between the two-cell and eight-cell stage (Hamatani et al., 2004) , and NLRP2 knock-down mouse oocytes stop development at the two-cell stage (Peng et al., 2012) . In humans, NLRP2 and NLRP7 have been suggested to be maternal effect genes regulating embryo development. Beckwith -Wiedemann syndrome (BWS), a congenital fetal overgrowth syndrome caused by aberrant imprinting of genes at maternal chromosome 11p15.5, may be caused by NLRP2 gene mutation through a trans mechanism (Meyer et al., 2009 ). The hydatidiform mole (HM) is a disorganized human embryo mass of placental derivatives lacking fetal tissue resulting from a global imprinting gene defect that may be caused by NLRP7 gene mutation (Murdoch et al., 2006) . Women carrying rare non-synonymous variants of NLRP7 were also found to be susceptible to RM (Messaed et al., 2011) . These observations suggest that NLRP2 and NLRP7 may play important roles in early embryonic development and establishment of maternal imprints. In addition, NLRP2 and NLRP7 were also reported to have the ability to regulate the production of IL-1b (Bruey et al., 2004; Kinoshita et al., 2005) , a pro-inflammatory cytokine involved in regulating the dialog between the embryo and the uterine endometrium (Achache and Revel, 2006) . The expression level of IL-1b in RM patients was found to be abnormal compared with healthy pregnant women (von Wolff et al., 2000; Jasper et al., 2007) .
Considering the potential roles NLRP2 and NLRP7 in early embryonic implantation and development, we set out to investigate whether genetic variants of NLRP2 and NLRP7 may confer susceptibility to idiopathic RM. In this study, we used tag single-nucleotide polymorphisms (SNPs) and haplotype analysis to investigate the association between polymorphisms of NLRP2 and NLRP7 and idiopathic RM. We found a significant association of the NLRP7 gene and a possible association of the NLRP2 gene with idiopathic RM.
Materials and Methods

Subjects
The present study was approved by the Institutional Review Board of National Cheng Kung University Hospital (Tainan, Taiwan, Republic of China), and informed consent was obtained from all patients and controls in this study. A total of 143 women who had experienced at least two consecutive miscarriages were recruited from outpatient clinics of our hospital. All women had conceived naturally without the aid of assisted reproductive technologies (ARTs). The miscarriages included both embryonic and anembryonic losses before 12 weeks of gestational age, which were determined by ultrasound dating and/or combined with the last menstrual period. Biochemical pregnancy was excluded from the study. All subjects had undergone a comprehensive examination as described in our previous publications, including a detailed history, physical examination, chromosome analysis of peripheral blood lymphocytes and transvaginal three-dimensional ultrasound (to detect uterine anomalies and endometrial defects). They were also checked for 75 g oral glucose tolerance, thyroid functions (T3, T4 and thyroid-stimulating hormone), anti-cardiolipin antibodies (IgG, IgM and b-glycoprotein), lupus anticoagulant, anti-thrombin III, protein S and protein C. The endocrine profiles consisting of FSH, LH, prolactin and testosterone were determined on Day 3 of the menstrual cycle (Kuo, 2002; Kuo and Guo, 2004; Kuo et al., 2008) . Among 250 patients who were consecutively referred, 99 with an identifiable cause of RM were excluded. In the remaining 151 subjects of idiopathic RM, 143 DNA samples were genotyped in this study. Some samples were not genotyped due to insufficient amount or poor quality of DNA. We also recruited 149 women from our delivery room as control subjects; they had delivered at least one fullterm healthy baby without the aid of ART and had not experienced miscarriage or pregnancy complications (Kuo, 2002; Kuo and Guo, 2004; Kuo et al., 2008) . They also had undergone tests to rule out glucose intolerance, uterine abnormalities and endocrine dysfunction, but not for karyotyping and thrombophilia factors. Women with any identifiable cause of RM (e.g. submocosal myoma, uterine anomalies, balanced chromosomal rearrangements, etc.), a history of infertility or gynecological disorders that might interfere with embryonic development, implantation or placentation (e.g. diminished ovarian reserve, endometriosis, polycystic ovarian disease, etc.) were excluded from both the study and control groups.
Genotyping
We explored the tag SNPs of NLRP2 and NLRP7 genes on the website (www.hapmap.org). Five HapMap tag SNPs (rs10412569, rs8102561, rs1654503, rs775893 and rs12768) of NLRP2 and eight HapMap tag SNPs (rs2365582, rs8101856, rs775883, rs775876, rs269938, rs269941, rs269949 and rs269957) of NLRP7 for population Chinese Hans in Beijing (CHB) were selected to encompass the entire haplotype block structure of the NLRP2 and NLRP7 genes using the algorithm-Tagger-pair wise Tagging (Filter: minor allele frequency ≥0.05, r2 ≥ 0.80). The chromosome positions of these tag SNPs are shown in Supplementary data, Table S1 . Genomic DNA was extracted from lymphocytes using a Puregene DNA isolation kit (Gentra, Minneapolis, MN, USA). The SNPs were detected by primer extension analysis using end-point TaqMan assays (Applied Biosystems, Warrington, UK) in 96-well arrays and genotypes were subsequently read on a StepOne TM Real-Time PCR System (Applied Biosystems). Reactions were carried out using standard conditions supplied by the manufacturer. Before the TaqMan assay, Sanger sequencing was used to identify cases with sequence variants. During genotyping, we included control samples which were heterozygous or homozygous for each sequence variant as internal controls of the TaqMan assay.
Statistical analysis
Tests for comparing clinical information between two groups (age, number of consecutive miscarriages) and association with single markers and haplotypes between RM patients and normal controls were performed using a x 2 test or Fisher's exact test. A P-value of 0.05 was considered statistically significant. The logistic odds ratios (ORs) of RM were estimated with a 95% confidence interval (CI) in multivariate analysis after maternal age adjustment considering maternal age as a risk factor of RM (Garcia-Enguidanos et al., 2002; Franssen et al., 2005; Grande et al., 2012) . The age-adjusted OR is abbreviated as AOR. We further used the false discovery rate (FDR) (Benjamini and Hochberg, 1995; Lin et al., 2009) to adjust for multiple testing and only those single markers that achieved FDR , 0.05 were considered statistically significant. We checked for the deviation from the Hardy -Weinberg equilibrium (HWe) by using x 2 analysis on pooled data of patients and controls.
Tests for haplotype association with RM were performed using the SNPAlyze 7.0 Pro software (DYNACOM Co., Ltd, Yokohama, Japan). The linkage disequilibrium (LD) coefficient (D ′ ) between each pair of SNPs was analyzed by Haploview 4.2 (Daley Lab at the Broad Institute, Cambridge, USA). Under the hypothesis that more than one gene polymorphism carrying risk alleles may increase the risk for RM, gene -gene interactions were explored. We analyzed gene-gene interactions among 10 loci of the 2 genes using the multifactor dimensionality reduction (MDR) method (MDR software, version 2.0) (Pan, 2010; Hahn et al., 2003; Ritchie et al., 2003) . A P-value of ,0.05 was considered statistically significant.
Results
All the patients (n ¼ 143) and the controls (n ¼ 149) were of Taiwanese Han ethnicity and their ages at enrollment were 31.67 + 4.41 (mean + SD) and 29.83 + 4.70 years, respectively. The age showed no significant difference between the two groups (P . 0.05). The time interval between enrollment and previous miscarriages was within 6 months. The number of previous miscarriage was 2.54 + 0.99 (mean + SD) in the study group. The number of women who experienced two and more than two consecutive miscarriages was 91 and 52, respectively. We used the tag SNP picker on the HapMap website to select five SNPs for NLRP2 and eight SNPs for NLRP7 for genotyping. One SNP (rs14012569) of NLRP2 and two SNPs (rs269938 and rs269957) of NLRP7 that showed deviance from HWe were excluded (P , 0.05). The included tag SNPs and the LD block of the two genes are shown in Fig. 1 . The genotype frequencies of NLRP2 and NLRP7 in the women with RM and the control subjects are shown in Table I . The genotype frequency of rs269949 of NLRP7 showed significant difference between the patients and controls in a recessive model (FDR P ¼ 0.0456, AOR ¼ 16.49, 95% CI ¼ 2.00 -136.11 for the GG genotype). The rs269949 also showed significant difference of the genotype frequency between the patients with two or more miscarriages and controls (Table II) . Meanwhile, genotypic frequency of one rs12768 SNP of NLRP2 showed marginal significance between patients and controls in a co-dominant model (FDR P ¼ 0.0505, AOR ¼ 2.15, 95% CI ¼ 1.29 -3.58 for the AC genotype) ( Table I ). In the haplotype analysis (Table III) , we selected three polymorphisms of the NLRP2 gene and four polymorphisms of the NLRP7 gene after setting the threshold of the LD coefficient
Because the significance of rare haplotypes is questionable, only haplotypes .10% in the RM cases or control groups were selected for comparison. The haplotype frequencies of NLRP2 and NLRP7 did not show any significant difference between the patients and controls. Gene-gene interactions among 10 loci of these 2 genes were analyzed using the MDR method. The result showed that there is no significant interaction between these loci (Supplementary data, Table S2 ).
Discussion
NLRP family proteins, which regulate inflammation and cell apoptosis, are found to play roles in mouse and human embryo development. NLRP2 and NLRP7 genes have been identified as maternal effect genes in human reproduction (Murdoch et al., 2006; Meyer et al., 2009) . In this study, tag SNPs, which represent a set of SNPs in a region of the genome with LD, were applied to investigate the association between the two NLRP genes, NLRP2 and NLRP7 and the occurrence of idiopathic RM. We found that a tag SNP of NLRP7 is significantly associated with idiopathic RM, while a tag SNP of NLRP2 showed marginal significance. Although NLRP7 gene mutations have been identified in patients who experienced recurrent HM, many of them also had experienced episodes of RM (Murdoch et al., 2006; Puechberty et al., 2009) . Further, 15 of 26 women (57%) who experienced at least 3 consecutive miscarriages without HM have non-synonymous NLRP7 variants (Messaed et al., 2011) . Therefore, we hypothesized that the NRLP7 gene is involved in idiopathic RM. By enrolling more patients with idiopathic RM, we found that NLRP7 is significantly associated with idiopathic RM. A high rate of chromosome abnormalities of early cleavage embryos has been reported in women who experienced RM (Rubio et al., 2005) . Considering the occurrence of triploid and NLRP2 and NLRP7 genes in recurrent miscarriage tetraploid conceptions in mothers who had NLRP7 gene mutations, mutant NLRP7 may lead to cleavage abnormalities of embryos which are prone to spontaneous miscarriage (Deveault et al., 2009; Slim et al., 2011) . Recent reports have shown that SNPs near the exonintron boundary have the potential to modify the splicing pattern of genes that may influence gene function (Hull et al., 2007; Faber et al., 2011) . Interestingly, both rs269949 of NLRP7 and rs12768 of NLRP2 are close to the exon -intron boundary (Supplementary data, Table S1 ). Whether the nucleotide substitution affects gene function or not still awaits further investigation. Since a tag SNP represents a group of SNPs in a certain region of genomic DNA, it may be worthwhile to perform fine mapping upstream and downstream of rs269949 and rs12768 to identify the loci with functional impact. NLRP2 and NLRP7 also have been suggested to play roles in establishment and/or maintenance of maternal imprinting since the mutations of the NLRP2 and NLRP7 genes of women are causative factors for imprinting disorders of BWS and HM, respectively (Murdoch et al., 2006; Meyer et al., 2009 ). The majority of imprinted genes are known to modulate the development of a functional placenta, fetal growth and organogenesis and the nutritional transfer between mother and fetus (Swales and Spears, 2005) . Aberrant imprinting may also be accountable for early miscarriage. Abnormal methylation of maternally imprinted genes (LIT1, NESP55, PEG3 and SNRPN) was observed in human spontaneous abortions and stillbirth (Pliushch et al., 2010) . In another study, the expression of the maternally imprinted gene PHLDA2 in the first trimester spontaneous abortions was higher than that in voluntary termination of pregnancy (Doria et al., 2010) . Further, women with genetic variants of imprinted genes IGF-2 and H19 may be predisposed to miscarry repeatedly (Ostojic et al., 2008) . It is plausible that malfunction of either NLRP2 or NLRP7 leads to aberrant genomic imprinting and RM.
Among 14 NLRP genes, 9 NLRP genes (i.e. NLRP2, 4, 5, 7, 8, 9, 11, 13 and 14) are reproduction-related based on phylogenetic analysis (Tian et al., 2009 ). All of these NLRP genes are expressed in human oocytes and preimplantation embryos. Interestingly, all the reproduction-related NLRP genes, except for NLRP14, are tandemly located on human chromosome 19q13.42. NLRP2 and NLRP7 are located in proximity to each other and the primate-specific NLRP7 gene is believed to be derived from duplication of the NLRP2 ancestor. Although only the NLRP7 gene was significantly associated with idiopathic RM in this study, a tag SNP of NLRP2 showed marginal significance. Increasing the sample size may be of help in resolving the uncertainty and clarifying the role of NLRP2 in RM. According to the MDR analysis, we speculate that NLRP2 and NLRP7 may play distinctive roles in early embryonic development or implantation.
The genotype frequencies of AA/AG/GG of rs269949 of controls in this study (from Taiwan, Asia) are 0.597/0.396/0.007, which are similar to 0.560/0.393/0.048 in Chinese Hans (HapMap-CHB), but are different from 0.490/0.441/0.070 in the idiopathic RM patients. Interestingly, the genotype frequencies of AA/AG/GG of rs269949 are 0.250/0.538/0.212 and 0.232/0.509/0.259 in Africans (HapMap-YRI) and in Europeans (HapMap-CEU), respectively. It could be argued that genetic susceptibility is dependent on ethnic differences. Although the GG genotype of rs269949 was more prevalent in idiopathic RM patients than in controls, the age-AOR showed a wide CI (AOR ¼ 16.49, 95% CI ¼ 2.00 -136.11), which may be reduced by increasing the sample size. In this study, some SNPs that showed deviance from the HWe were excluded from the study. Several factors may account for the deviance of the HWe. Small populations are more prone to cause deviance from HWe. The deviance may also be caused by genetic diversities within the population since Taiwan is home to a heterogeneous mix of ethnic groups (Trejaut et al., 2005) . The unexpected genotype frequencies in the population may be caused by intermarriage between Taiwanese Han and various aborigines since a report showed that 13% of Taiwanese have HLAlinked genetic traits originating from aborigines (Lin et al., 2001 ).
In conclusion, we found a significant association of NLRP7 and marginal association of NLRP2 with idiopathic RM in Taiwanese Han. Our finding suggests the role of the NLRP family proteins in RM. Further studies comprising a larger sample size and different ethnic backgrounds are required to replicate this finding.
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